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The interaction among atmosphere, oceans, and surface waves is an important process with many oceanographic and environmental applications. It directly affects the motion and fate of pollutants such as oil spills. The oceans have an enormous capacity for mass and heat storage. The air-sea exchange of heat, humidity, momentum, and greenhouse gases directly affects short-term weather evolutions and long-term climate changes.
In addition, the accurate prediction of air-sea interaction is of vital importance to many of the Navy's applications, including the operation of naval surface ships and remote sensing.
From the viewpoint of basic science, air-sea interaction is a challenging fl uid-mechanics problem involving turbulence, waves, multiphase fl ows, and mixing, all of which operate at multiple temporal and spatial scales. The controlling transfer processes are the wind, ocean surface current, wave, and wavebreaking, all of which involve atmospheric and ocean fl ows in the vicinity of an air-water interface. Considerable work has been done to understand aspects of this problem in terms of simplifi ed theory. Nevertheless, due to the complex nature of the physical problem, our current understanding of the mechanisms for the transport of mass, momentum, and heat within the atmosphere-ocean wave boundary layer is quite limited.
In particular, the essential dynamics of the coupled air-sea boundary layers at small scales (say, from millimeters to tens of meters) remain elusive. As a result, existing theories and prediction tools have to rely on empirical parameterization. There is a critical need for a detailed study of the small-scale physics at the air-water interface, which is a foundation for the development of large-scale simulation and prediction tools.
In recent years, we have been using high-performance computers with powerful simulation capabilities as a research tool to investigate the mechanisms of air-sea interactions at small scales. In direct simulations, the governing equations for the coupled fl ow are solved numerically, typically with a fi ne computational grid. Even with very large computers, many of the underlying physical processes, generally associated with the turbulent nature of the fl ow, are not resolved. To allow the problem to be solved, or "closed," the numerical simulations require "closure models," which in effect express the unknown and non-resolved quantities in terms of those that are known or resolved in the simulation. Such closure models aim to capture the underlying physical mechanisms and are typically expressed in terms of variables or parameters describing the overall problem. These parameterizations are usually guided by fi ner-resolution direct simulations that do not contain the closure models. The purpose of our numerical study is to complement fi eld and laboratory measurement and theoretical investigation.
With collaboration among different disciplines, we hope to obtain improved physical understanding and parameterization of air-sea interactions. In our study, the basic equations governing the conservation of mass and momentum of the air and water turbulent fl ows, namely the continuity equation and the Navier-Stokes equations, are solved numerically. An inherent challenge in turbulence simulation is the requirement to capture the effects of all the fl ow structures, often referred to as "turbulent eddies," of which the size spans a wide range of scales. In our study, we employ two approaches.
The fi rst is direct numerical simulation (DNS), which resolves all eddies explicitly. The demand on computing resources is high and in most cases we are limited to simple, idealized cases at small scales. Using state-of-the-art computations, typical physical problems that can be studied using DNS are limited to wind speeds of one to two meters per second over a small wavefi eld of the order of one meter. The DNS are useful for characterizing the underlying basic statistics, structures, and mechanisms, thus providing a useful quantitative picture of the overall dynamics. DNS has been shown to be a powerful research tool to elucidate detailed physical mechanisms in many other turbulent fl ows (e.g., the review by Moin and Mahesh, 1998) . (1) at low wind speeds when the surface is almost fl at, a fi xed-grid approach with the option of linearized boundary conditions for free-surface deformations, (2) at moderate wind speeds, a boundLian Shen (lshen@mit.edu 1 Th e kinematic viscosity (=dynamic viscosity/density) of water is smaller than for air (by a factor of 10) because the density of water is about one thousand times greater than for air. From a fl uid mechanics point of view, a fl uid's kinematic viscosity is often the better way to view things. Heuristically, if dynamic viscosity is associated with the actual stress, then in terms of understanding the kinematics (e.g., velocity changes), what matters is not the magnitude of the stress, but the magnitude of the stress relative to the density of the fl uid.
There is a critical need for a detailed study of the small-scale physics at the air-water interface, which is a foundation for the development of large-scale simulation and prediction tools. 
STATISTICS OF ATMOSPHERIC AND OCEAN FLOWS  A FIRST LOOK
As an example problem that contains all the key features of low-speed air-sea couple fl ow, we study the turbulent air-wa- In global coordinates, the quantities are normalized by domain half-height and the air velocity at the top boundary. In local coordinates, the velocity is normalized by friction velocity at the interface, and the distance from the interface is expressed in terms of a wall unit. Shown are the shear fl ow in the air and water and the comparison with the boundary layer theory. Triangles and squares are the results obtained from our study. Th e dashed curves are predictions by the linear law and the log law.
same at the two sides of the interface.
Because the value of dynamic viscosity in water is signifi cantly (63.7 times at 1 atm and 20°C) larger than that in air, the velocity gradient in the water is much smaller than that in the air. This is consistent with our experience that the wind speed is much larger than the water current velocity in the ocean. is much more so on the airside (i.e., to the fi rst order, the air-water interface behaves like a solid wall to air motions).
For the waterside, however, close examination shows that the viscous sublayer is thinner than that on the airside.
The surface-layer structure can be seen from the velocity profi le in local coordinates. As shown in Figure 2 , a linear law is valid close to the interface and a log law is valid away from the interface.
In the semi-logarithm plot, the log law 
USE OF ADVANCED STATISTICAL TOOLS TO QUANTIFY FLOW STRUCTURES
As shown in Figure 4a To quantify the effects of vortical structures, we employ a variable-interval space-averaging (VISA) technique (Kim, 1983) , which is from the variable-interval time-averaging (VITA) method for laboratory experiments (Blackwelder and Kaplan, 1976 larger than that on the waterside. As a result, on the airside, a jet fl ow in the vicinity of the interface is formed, as shown in Figure 6 . Such a mechanism is also present in the case of quasi-streamwise waterside vortices. As shown in Figure 5 , the negative streamwise vortex in the water induces a positive mirror vortex in the air above, as expected. What is interesting is that because of the micro low-level jet, a large vorticity of the opposite sign of the mirror vortex is formed on the airside between the induced mirror vortex and the interface. Through simulations such as these, we fi nd that the micro low-level jet is a salient feature in air-water coupled fl ows and that it plays an important role in air-sea interaction dynamics.
USING FLOW STRUCTURE INFORMATION TO IMPROVE UNDERSTANDING OF FLOW STATISTICS
The knowledge of fl ow structures in airsea interactions provides a basis for better understanding of fl ow turbulent statistics. As an example, we show the analysis of turbulent kinetic energy (TKE).
TKE is defi ned as
, with the fl uctuations of velocity components. (Figures 3 and 7) . On the airside, the enhanced dissipation near the air-water interface is caused by the large shear stress at the interface and the presence of the micro low-level jets we show earlier.
Such information is important for the development of turbulence modeling for the coupled air-water boundary layers.
FUTURE RESEARCH DIRECTIONS
In this study we use direct simulations to investigate the small-scale coupling dynamics of air and water turbulent fl ows near an air-sea interface. Through systematic high-resolution simulations, we obtain a detailed description of the velocity and vorticity fi elds in the coupled Figure 7 . Processes aff ecting the turbulent kinetic energy (TKE) budget near the air-water interface. Shown are TKE production, dissipation, transport due to pressure fl uctuation and velocity fl uctuation, and viscous diff usion. All the quantities are normalized by the friction velocity at the interface and the kinematic viscosity of air and water in the corresponding regimes. 
